The singlet ground ͑X 1 ⌺ + ͒ and excited ͑ 1 ⌺ − , 1 ⌬͒ states of HCP and HPC have been systematically investigated using ab initio molecular electronic structure theory. For the ground state, geometries of the two linear stationary points have been optimized and physical properties have been predicted utilizing restricted self-consistent field theory, coupled cluster theory with single and double excitations ͑CCSD͒, CCSD with perturbative triple corrections ͓CCSD͑T͔͒, and CCSD with partial iterative triple excitations ͑CCSDT-3 and CC3͒. 
The singlet ground ͑X 1 ⌺ + ͒ and excited ͑ 1 ⌺ − , 1 ⌬͒ states of HCP and HPC have been systematically investigated using ab initio molecular electronic structure theory. For the ground state, geometries of the two linear stationary points have been optimized and physical properties have been predicted utilizing restricted self-consistent field theory, coupled cluster theory with single and double excitations ͑CCSD͒, CCSD with perturbative triple corrections ͓CCSD͑T͔͒, and CCSD with partial iterative triple excitations ͑CCSDT-3 and CC3͒. Physical properties computed for the global minimum ͑X 1 ⌺ + HCP͒ include harmonic vibrational frequencies with the cc-pV5Z CCSD͑T͒ method of 1 
I. INTRODUCTION
The successful synthesis of phosphaethyne or methinophosphide ͑HCP͒ in 1961 by Gier was the first report of a molecule containing a multiple bond between phosphorus and carbon. 1 Gier observed bands in the infrared ͑IR͒ absorption spectrum that compared favorably to assumed C-H stretching frequencies and H-C-X bending frequencies. Failing to see any band in the region corresponding to a H-P bend, Gier concluded that the molecule was linear HCP and not HPC. In 1964, Tyler 2 reported the microwave spectrum of HCP and concurred with the conclusion of Gier.
1 The dipole moment ͑0.39 polarity + HCP − ͒ and bond lengths ͑1.067 and 1.542 Å͒ of the ground state ͑ 1 ⌺ + ͒ were determined by Tyler. HCP is of astrophysical interest owing to its presence in the interstellar medium and the atmosphere of Saturn.
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The ultraviolet ͑UV͒ spectrum of HCP was first reported in an extensive spectroscopic study by Johns et al. in 1969. 6 They deduced ground state information using their own rovibronic analysis along with data from Tyler's earlier microwave study. 2 Fundamental vibrational frequencies for the symmetric and asymmetric stretching and the bending modes were reported as 3217 cm 8 measured the photoelectron spectrum of HCP and determined the energy required to remove an electron from the HOMO ͑2͒ to be 10.8 eV. In 1999 Ishikawa et al. 9 reported results of an IR-UV double resonance spectroscopy study on HCP. They established a C-H stretching frequency of 2930 cm −1 for the Ã 1 AЉ state. A series of IR studies [10] [11] [12] [13] were conducted that appear to give fundamental stretching vibrational frequencies to greater precision than those reported by Johns et al. 6 6 to deduce an anharmonic force field for HCP. From this data they determined r e ͑HC͒ = 1.0692͑8͒ Å and r e ͑CP͒ = 1.5398͑2͒ Å. In 1996, Dréan et al. 17 remeasured the rotational spectrum, determining zero-point rotational constants and values for r 0 ͑HC͒ = 1.0652 Å and r 0 ͑CP͒ = 1.5442 Å. Dréan et al. used rotational constants to extrapolate to equilibrium rotational constants yielding r e ͑HC͒ = 1.0670 Å and r e ͑CP͒ = 1.5402 Å. Ishikawa et al. 18 performed an algebraic analysis of intensities from the emission spectrum of HCP. From their study, Ishikawa et 42 Geometries were optimized with Møller-Plesset second-order perturbation theory ͑MP2͒ for the ground state while CASSCF was utilized to study the excited states. The study of Goldstein et al. reported that linear HCP and linear HPC are minima with a bent transition state occurring near ͑HPC͒ = 136°with respect to the HPC angle. The only singlet state discussed in their study was the aforementioned 1 AЉ state derived from linear 1 ⌺ − at 4.80 eV ͑with their largest basis, TZV++, and CASSCF configuration space, ten electrons in ten molecular orbitals͒.
Early experimental studies do not mention the possibility that linear HPC exists.
1,2,6,8,10-14 A later study by Lehmann et al. 43 in 1985 found that a fit of vibrational levels of the ground state gives a description of the bending potential from 0°͑linear HCP͒ to 100°. The fit gives no indication that a turnover will occur causing a minimum for HPC. There was much controversy by early theoretical investigations regarding the true nature of HPC. It was previously mentioned that Goldstein et al. 42 determined linear HPC to be a local minimum through the use of MP2 theory. The potential energy surface of the ground state was once again studied in 1993 by Ma et al., 44 who found MP2 and MP4 to give local minima while MP3 found a saddle point for the linear HPC conformation. Hong and Cave 45 in 1994 concluded that HPC has considerably more multireference character than HCP. The results of CASSCF and CCSD wave functions both reveal linear HPC to be a saddle point with the use of a small basis set ͑6-311G͒. The MRCI method was utilized by Beck et al. 46 to determine a potential energy surface for the ground state, leading to the conclusion that HPC is an energetic maximum with respect to bending. Much of what has been stated about the HPC→ HCP isomerization has been reviewed in an important paper by Ishikawa et al. 47 The goals of the present study are twofold. Potential energy surfaces of the ground and low-lying singlet excited states of HCP will be constructed as an aid to uncovering minima and saddle points. The ground state energies, geom-etries, dipole moments, and harmonic vibrational frequencies will be determined for both the linear HCP and HPC configurations in the ground state. These two conformations, from previous work, likely constitute the global minimum and a local maximum, respectively. Secondly, the low-lying singlet excited states of both linear and bent geometries will be explored using a variety of equation-of-motion ͑EOM͒ coupled cluster techniques. This will be conducted for states arising from both the HCP and HPC regions of the potential energy surface. The results will be compared to previous experimental and theoretical studies.
II. ELECTRONIC STRUCTURE CONSIDERATIONS
The electronic configurations of the linear X 1 ⌺ + ground states of HCP and HPC are qualitatively described as
where ͓core͔ denotes the carbon 1s-like molecular orbital and the phosphorus 1s-, 2s-, and 2p-like orbitals. Let x and y be molecular orbitals ͑MOs͒ in real coordinates, denoting the components in the xz plane and yz plane ͑the z axis is assigned to the molecular axis͒. Configuration ͑1͒ may be written in real orbital form
The lowest-lying excited electronic states for HCP/HPC are obtained conceptually by exciting an electron from the bonding 2 ͓highest occupied molecular orbital ͑HOMO͔͒ orbital to the antibonding 3 ͓lowest unoccupied molecular orbital ͑LUMO͔͒ orbital. This gives rise to three excited singlet states of HCP and HPC for linear geometries,
The electronic configuration of the 1 ⌬ state requires four Slater determinants in real MO notation. Assuming the molecule lies on the z axis, the two 1 ⌬ components ͑ 1 A 1 and 1 A 2 in C 2v subgroup, respectively͒ are
The open-shell part of the 1 ⌺ − state also requires four Slater determinants in real MO notation,
III. THEORETICAL METHODS
Five correlation-consistent polarized-valence basis sets developed by Dunning and co-workers, [48] [49] [50] cc-pVXZ ͑X =T,Q,5͒ and aug-cc-pVXZ ͑X =T,Q͒, were utilized in this study. The largest basis set, cc-pV5Z, consisted of 241 contracted Gaussian functions. Geometries were optimized with each basis set and level of theory. Harmonic vibrational frequencies were determined using analytic methods when available and otherwise through finite differences of analytic gradients or numerical differentiation of total energies.
The zeroth-order description of the ground state was obtained using restricted Hartree-Fock ͑RHF͒ self-consistent field theory ͑SCF͒. The effects of electron correlation were then included for the ground state molecules using coupled cluster ͑CC͒ theory with single and double excitations ͑CCSD͒, 51, 52 the inclusion of perturbative triple excitations ͓CCSD͑T͔͒, 53, 54 and with two methods for partial iterative triples ͓CCSDT-3 ͑Ref. 55͒ and CC3 ͑Ref. 56͔͒. To investigate the excited electronic states, three equation-of-motion coupled cluster 57, 58 ͑EOM-CC͒ methods were utilized ͑EOM-CCSD, EOM-CCSDT-3, and EOM-CC3͒. For these correlated methods, six core orbitals were frozen, namely, the 1s-like orbital of carbon and the 1s-, 2s-, and 2p-like orbitals of phosphorus. The ab initio quantum chemistry packages utilized in this study include ACESII ͑Ref. 59͒ and MOLPRO. 60 
IV. RESULTS
In Fig. 1 the stationary points optimized are schematically depicted using excitation energies ͑T e ͒ determined with the cc-pVQZ basis set at the CCSDT-3 level of theory for the ground state and EOM-CCSDT-3 for the excited states. For the X 1 ⌺ + states of HCP and HPC, the total energies, frequencies, and dipole moments can be found in Tables S1 and S2 ͑see supplementary material 61 ͒ and the bond lengths in Figs. S1 and S2 ͑see supplementary material͒, respectively. Energy differences between the two ground state isomers and dissociation energies are reported in Fig. S1 and HPC in Fig. S2 exhibit elongation of the two bonds upon augmentation of the basis set and a decrease in bond length with increases in the size of the basis set. More advanced treatments of correlation effects induce a lengthening of both bond distances for each ground state isomer. Overall, smaller changes are found for the CH and PH bonds than the CP bond upon increasing the size of the basis. As bond lengths decrease, the vibrational frequency will tend to increase, which is consistent with Badger's rule 62, 63 that the larger force constant ͑higher vibrational frequency͒ may be associated with the shorter bond length. The vibrational frequencies generally decrease with the inclusion of diffuse functions, increase when changing the basis from triple to quadruple zeta, and decrease with increasing sophistication in the treatment of electron correlation. The magnitude of the dipole moment ͑direction + HCP − ͒ tends to decrease with the basis set size and increase with electron correlation with the opposite effect occurring for the IR intensities.
The present theoretical predictions provide excellent agreement with the equilibrium values of the bond lengths reported in previous experimental studies. [16] [17] [18] The CCSD͑T͒ CH bond length differs by 0.003 Å from the equilibrium bond lengths determined from the experimental anharmonic force field of Strey and Mills. 16 There is a larger distinction for the CP bond lengths; for example, SCF with the cc-pV5Z basis still differs by roughly 0.04 Å but only by 0.004 Å from experiment with cc-pV5Z CCSD͑T͒. Excellent agreement was also obtained for the cc-pV5Z values of 2 and 3 for HCP, which agree with the experimental fundamentals to within 20 cm −1 . The calculated value of 1 agrees with experiment to within 130 cm −1 at the highest level of theory, but this sort of discrepancy is expected as we are comparing harmonic to fundamental vibrational frequencies.
As mentioned previously, HPC has never been realized experimentally. This is nicely explained by the rearrangement of HCP to HPC being a monotonically uphill process with HPC serving as a stationary point of Hessian index 2. Table S2 summarizes the theoretical results for HPC. The second-order saddle point can be seen from the degenerate imaginary frequencies for the bending mode, denoted 2 ͑͒. The CP bond lengthens by nearly a tenth of an angstrom in going from HCP to HPC. The two stretching frequencies, 1 and 3 , are lower for HPC than for HCP due to the weakening and subsequent lengthening of the two bonds. HPC has an imaginary bending frequency roughly half the magnitude of the real bending frequency for HCP. There is a considerable increase in the dipole moment ͑direction + HCP − ͒ for HPC owing mainly to the greater electronegativity of the carbon atom now situated at the end of the molecule. The relative energy differences between HCP and HPC and the dissociation energies defined by HCP Table S3 . At the highest level of theory, the energy differences between HCP and HPC with and without zero-point vibrational energy ͑ZPVE͒ 64 an electron added to the 10aЈ orbital of HCP will cause a decrease in energy upon bending. The behavior reported in this study is consistent with Walsh's rules. The 1 AЉ state total energies and vibrational frequencies are summarized in Table III, where an excitation into the 9aЈ orbital lends itself to a bent configuration while an excitation into the 3aЉ orbital lends itself to a linear configuration. As seen in Table  V , the CH and CP bond lengths differ by less than 0.01 Å from previous work. [39] [40] [41] The energy relative to the X 1 ⌺ + state is T e = 112.4 kcal mol −1 at the cc-pVQZ EOM-CCSDT-3 level of theory. The excitation energies reported at the partial triples levels are as much as 2 kcal mol −1 lower in energy than those reported previously by MRD-CI. 6 however, there is reasonable agreement in the vibrational frequencies. The angles differ greatly but the CP bond length exhibits excellent agreement with the experimental values. The disagreement also involves the fact that we characterize the 2 1 AЈ state as arising from the 1 ⌬ state, whereas experiment concludes that it comes from a 1 ⌺ + state. Other theoretical studies [39] [40] [41] [42] agree that this state arises from a 1 ⌬ rather than a 1 ⌺ + state.
2 1 AЈ state of HPC
The next state characterized in this study is seen as the hydrogen atom migrates along this same excited surface to a bent minimum more like HPC. The excitation energy compared to our global minimum is T e = 125.6 and T 0 = 122.2 kcal mol −1 at the cc-pVQZ EOM-CCSDT-3 level of theory. Our excitation energy for this state, similar to that for the 1 AЉ HPC state, is several kcal mol −1 below the theoretical value reported by Nanbu et al. 41 As was the case for the ground state isomers, the 2 1 AЈ state exhibits a lengthening of the bonds as the hydrogen migrates from the carbon atom to the phosphorus atom. This leads to considerable decreases in the theoretical vibrational frequencies. This state should also be challenging to detect experimentally, with the wellcharacterized linear HCP being the only minimum on the ground state potential energy surface. 
